Turbulence measurements at 3 m performed at the base camp of Mt. Everest during the spring of 2005 were used to study the atmospheric turbulent characteristics under conditions of down-slope ambient wind (katabatic wind). The cases where large-scale forcing resulted in a down-slope ambient wind were considered. Firstly, the normalized standard deviations of wind speed (u and v components) were larger than those reported in the literature. Then the (co)spectral characteristics of turbulence under near neutral stratification were described depending on the prevailing wind; case A-southerly with wind speed larger than 6 m s À1 during daytime, case B-southerly with wind speed less than 6 m s À1 and case C-northerly wind. The analysis of the averaged spectra and co-spectra revealed that low frequency perturbations had a large influence on the variance of u and w wind components, and also altered the co-spectra of momentum and sensible heat flux under near neutral stratification. The features of spectral shape and power were di¤erent from the previous ones under ideal flat and homogeneous conditions. The possible cause of these features is due to strong down-valley flow induced by (normal) glacier wind.
Introduction
Turbulence fluxes are one of the most important factors in estimating the mass and energy balance of glacier regions. In more recent years, glaciometeorological experiments have been undertaken in which the components of the surface energy flux were measured simultaneously at a large number of stations (e.g., Oerlemans 1994; Greuell et al. 1997; Oerlemans 2001; Ohmura 2004; Vincent et al. 2005; Vincent et al. 2006) . A large number of data sets have been obtained, providing insight into altitudinal gradients of meteorological quantities. Smeets (1998) believed that there were strong low frequency perturbations in the stable boundary layer. These appeared to have a large influence on the variances of wind speed (except for the vertical component) and temperature. Hiller et al. (2008) measured the surface energy budget of Alpine grassland in highly complex terrain to demonstrate that the eddy covariance (EC) could work in these complex areas. This kind of research has been performed in mountainous regions such as the Mt. Everest region, where Shen and Gao (1975) , Ludecke and Kuhle (1991) have suggested that a major influence on turbulence was the strong down-valley flow induced by (normal) glacier wind in this area. Zou et al. (2008) suggested that this local wind system was well confined in the Rongbuk Valley due to the topographic shielding e¤ects. The objective of this study was to achieve a good understanding of the surface-layer characteristics at the Mt. Everest base camp 2 km from the end of the Rongbuk glacier during the spring of 2005. The turbulent statistics and spectral properties of wind components and air temperature observed at this site were analyzed. The results derived from this study are compared with those reported in other studies and are briefly discussed with regards to current turbulence models of the Atmospheric Surface Layer (ASL) in the literature.
Symbols and definitions
Frequently used symbols and definitions are as follows: U is the mean three dimensional wind speed; U ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
; the friction velocity is defined as u 2 Ã ¼ Àu 0 w 0 ; the scaling temperature is defined as T Ã ¼ Àw 0 T 0 =u Ã ; the Obukhov length is defined as L ¼ Àu
v with k the von Kármán constant (taken as 0.40) and g the gravitational acceleration. Other symbols or dimensionless terms will be defined, where they are first used. Beijing time used as the time reference (Local time ¼ Beijing time minus 2 hours) unless otherwise stated.
Field observation and data processing
A scientific expedition to Mt. Everest was undertaken by the Chinese Academy of Sciences in the spring of 2005 (Kang et al. 2007 ), one radiation system [CNR1 radiation sensor, Kipp & Zonen] and one turbulent measurement system [sonic anemometer-thermometer (CSAT3, Campbell Scientific, Inc.) and non-dispersive infrared gas analyzer (LI-7500, LI-COR, Inc.)] were set up at a height of 3 m at the base camp of Mt. Everest (28.14 N, 86 .85 E, and 5149 m above MSL). The observational site was located in the middle of Rongbuk valley, was 2 km south of the end of Rongbuk Glacier at 5,400 m above MSL (Fig. 1) . The east and west were also high mountains. The Rongbuk River was 250 m away from the site and at the beginning of April was frozen except during from 15:00 to 17:00, and it was melted completely after May 7. The observational field was relatively flat (slope was less than 10 ) within 1 Â 1 km and was comprised of a gravel on surface.
In this paper, data from April 14 to May 31 during spring of 2005 was selected for the analysis. The post-processing of the turbulence high frequency raw data (10 Hz) have been carried out using the software package TK2 developed by the Department of Micrometeorology, University of Bayreuth (Mauder and Foken 2004) . TK2 performs all postprocessing of turbulence measurements and produces quality assured turbulent fluxes. The calculations in the first part are the generation of physical correct data using the calibration settings. The second part of the program calculates averages, variances and covariances for an averaging interval of 30 min considering a time delay between di¤er-ent sensors and excluding physically not valid values and spikes (Vickers and Mahrt 1997) . The third part of the program performs a planar fit coordinate rotation (Wilczak et al. 2001) , correction of spectral loss (Moore 1986) , and conversion of buoyancy into sensible heat flux (Schotanus et al. 1983; Liu et al. 2001) . Lastly, a post-field quality control (Rebmann et al. 2005) , a steady state test (Foken and Wichura 1996) and a test for integral turbulence characteristics (Foken and Wichura 1996; Thomas and Foken 2002) were performed.
These tests resulted in combined quality flags for each half-hourly measurement ranging from 1 to 5 and the quality flags were obtained from the combination of individual flags for the integral turbulence characteristics and stationarity tests (see Table 1 ) (Rebmann et al. 2005) . Classes 1-2 were used in fundamental research, whereas classes 3-4 could still be utilized for the determination of monthly or annual sums of fluxes in continuously running measuring programs, e.g., FLUXNET (Baldocchi et al. 2001) . Class 5 should always be rejected. The power (co)spectra were computed using a Fast Fourier Transformation with a Hamming window. The resulting spectra were then smoothed with triangular filter and block average filter. For wind speeds larger than 6 m s À1 with wind direction from 180 to 225 , there were 1049 half hour runs available to produce each ensemble. The standard deviation of the normalized spectra of u-component was 42, which is far larger than others. For the wind speeds less than 6 m s À1 with wind direction from 180 to 225
, there were 254 half hour runs to produce each ensemble. The standard deviation of normalized spectra of u-component was 52, which is larger than others. Lastly, for wind directions from 0 to 45 , there were 300 half hour runs available to produce each ensemble. The standard deviation of the normalized spectra of u-component was 12, which is larger than others. Figure 2a shows that the wind direction had a remarkable feature in spring. There was a prevailing southerly wind (the frequency of wind direction from 180 to 225 was 74%) with a secondly, northerly wind (its frequency was 12%) at the base camp of Mt. Everest. The southerly wind flows corresponded with down slope flow from the glacial valley of Mt. Everest. Figure 2b shows a distinct di¤erence in direction for winds less than 6 m s À1 from those above 6 m s À1 . We suggested that winds above 6 m s À1 with a direction from 180 to 225
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were strong down-valley flows induced by (normal) glacier wind during the daytime (see Fig. 2a ). During the nighttime the prevailing direction was homogeneous and from 180 to 225 . After 9:00 the wind direction turned close to 180 until around 20:00. The southerly below 6 m s À1 during the nighttime is symmetrical with the northerly below 6 m s À1 during the daytime suggesting that there is a normal mountain-valley wind in this area.
Friction velocity was characteristically high during the daytime and was lower at night time under conditions of a slight breeze. The large friction velocity (Fig. 3) illustrates that the wind shear affected the atmosphere, which was broken down into vertical and horizontal components of wind speeds at noon.
Under the unstable stratification and stable condition, the non-dimensional 3D wind speed standard deviation of u, v, and w with z=L (where z is the measurement height, 3 m) obeyed the idealized slopes of 1/3 (Wyngaard 1971) , within the range of jz=Lj > 0:0625. Turbulence statistics were nearly constant with z=L for near neutral conditions (jz=Lj < 0:0625) (Fig. 4) . The magnitudes of s u =u Ã and s v =u Ã were 3.8 and 3.5 respectively. These values are larger than those reported in the literature (e.g., 2.4-2.8 (Kader and Yaglom 1990 ; Hő gstrő m 1990)). The possible reason for this is the inhomogeneous underlay including topography and slope e¤ect in this area but this requires further examination. The value of s w =u Ã was 1.1, which is same as the homogeneous underlay owing to the vertical component of wind speed limits ground surface.
Our experimental results agreed best with similarity theory during unstable stratification, whereas more discrepancies were observed during nearneutral and strongly stable conditions (Droinski et al. 2004) . Therefore spectra and co-spectra under near neutral stratification are further analyzed.
According to the former studies of glacier wind (Shen and Gao 1975; Jiro 1987 , Ludecke and Kuhle 1991 , and Zou et al. 2008 , spectra and co-spectra were analyzed depending on the prevailing wind; case A-southerly wind speed larger than 6 m s À1 during daytime, case B-southerly with wind speed less than 6 m s À1 and case Cnortherly wind. In Fig. 5 , the averaged power spectra and co-spectra of wind components and temperature at 3 m height under neutral condition are presented.
Summarized features are as follows: First, the spectral gap of all kinds spectrum existed in the low frequency domain (nz=U < 0:001, where n is frequency, z observed height and U mean wind speed) in case B. In addition, the spectrum of u-and T-components showed a spectral gap (nz=U < 0:003) for case A and C. We think that a low frequency perturbation induced the gap in the normalized spectra. In the study by Smeets (1998) over the ablation area of Pasterze glacier in Austria, they suggest that the reason for the perturbation is that a significant part of the sensible heat flux is transported at low frequencies over the ablation area. In this study, further work is required to verify such a hypothesis.
Second, Fig. 5 shows that the v spectra have a well-defined spectral peak around nz=U ¼ 0:003, which is expected for turbulence under near neutral conditions for case A and C. The w spectra do not show a spectral peak for case A and B, which is around nz=U ¼ 0:005 for case C. It should be noted that the spectral peak of the uw co-spectra does not appear in the low frequency domain in case A. Third, the slope of normalized spectra of u and v wind speed components was À2=3 in the inertial sub-range and agrees with Kaimal and Finnigan (1994) , but the w spectra do not show such feature and they do not show the k À1 behavior. For comparison with atmospheric spectra, Taylor's hypothesis (Taylor 1938 ) is employed, i.e., (it is assumed that k ¼ 2pn=U) in mid frequencies (0:05 < nz=U < 1) as in Smeets (1998) and Hőg-strő m et al. (1990) .
Fourth, the spectral power of the u and v spectra were larger during southerly flow compared to northerly flow in the low frequency domain and the spectral power of w spectra (case A) decreased abnormally within low frequency domain, which was due to the strong down valley wind. The spec- tral power of the T spectra was larger in case A than that in case C in the low frequency domain, which resulted from a strong down-valley flow induced by (normal) glacier wind. The co-spectral power of the uw spectrum decreased slightly and the Tw spectrum decreased in the low frequency domain in case A. For address how the strong down-valley flow induced by (normal) glacier wind could influence the turbulent spectrum properties, we compared the averaged diurnal variation of the stability index, wind speed, and the ratio of down valley wind from April 14 to May 31 during spring of 2005 (Fig. 6) . At night, the wind speed decreased as the stability ðz=L > 0Þ increased. The wind speed increased during unstable conditions ðz=L < 0Þ, where it reached a maximum value in the unstable condition ðz=L A À0:1Þ at 16:00. In combination with Fig. 2b, Fig. 6 shows the wind of 4-6 m s À1 is mountain breeze during the night when the surface heat flux is toward the surface. Especially, the frequency of wind direction from 180 to 225 was largest at any time; the ratio of down valley wind was calculated. Figure 6 also shows that the glacial wind with the wind speed >6 m s À1 prevailed in the afternoon. At 10:00, the ratio of the down valley wind increased with increasing wind speed. This is further evidence that the strong down-valley flow induced by (normal) glacier wind prevailed during the daytime, which is consistent with the results of Zou et al. (2008) . Therefore, from 12:00, the strong down-valley flow induced by (normal) glacier wind influences the turbulent spectrum.
Summary
The characteristics of micrometeorology and turbulence structure on the north slope of Mt. Everest during the spring of 2005 were reported. And the major features were:
(1) there were prevailing glacial winds during the daytime at the base camp of Mt. Everest, (2) the spectral gap of all kinds spectrum existed in low frequency domain in case B and the spectrum of u-and T-components showed a spectral gap ðnz=U < 0:003Þ for case A and C, (3) v spectra indicate a well defined spectral peak for Case A and C and w spectra did not show a spectral peak for case A and B, but which is around nz=U ¼ 0:005 for case C. (4) the slope of normalized spectra of the u and v wind speed components was À2=3 in the inertial sub-range but the w spectra did not show such a feature and the u, v and w spectra did not show the k À1 behavior, and (5) the strong down-valley flow induced by (normal) glacier wind produces strong spectral power of the u and v spectra in the low frequency domain under southerly wind. Strong spectral power of the u spectra in the low frequency domain and decreased spectral power of w spectra resulted from strong downvalley flow induced by (normal) glacier wind. The spectral peak of the uw co-spectrum was eliminated and the co-spectral power of Tw co-spectra decreased in the low frequency domain owing to strong down-valley flow induced by (normal) glacier wind.
